It is generally accepted that the exposed surfaces of silicon crystals are highly reactive due to the dangling bonds which protrude into the vacuum. However, surface reconstruction not only modifies the reactivity of bulk silicon crystals, but also plays a key role in determining the properties of silicon nanocrystals. In this study we probe the reactivity of silicon clusters at the end of a scanning probe tip by examining their interaction with closed-shell fullerene molecules. Counter to intuitive expectations, many silicon clusters do not react strongly with the fullerene cage, and we find that only specific highly oriented clusters have sufficient reactivity to break open the existing carbon-carbon bonds.
I. INTRODUCTION
Recent developments in scanning probe microscopy now allow for the almost-routine intramolecular imaging of planar organic molecules using functionalized tips on metallic surfaces at liquid helium temperatures [1] . Very recently it has been shown that similar contrast can also be obtained on semiconductor surfaces at liquid nitrogen temperatures [2, 3] and even at room temperature [4] . In experiments conducted on metallic surfaces it is widely assumed that intramolecular resolution can only be obtained via functionalization of the scanning probe tip with an unreactive atom or molecule, since otherwise the high reactivity of the metallic tip causes manipulation of the molecule before the tip is able to enter into the Pauli repulsion regime where intramolecular contrast is obtained. However, in recent combined experimental and theoretical studies, it has been suggested that semiconductor tips may counterintuitively be able to provide similar resolution [2] [3] [4] , despite silicon traditionally being thought of as a highly reactive tip material [5] [6] [7] .
In this study we examine the reactivity of a number of silicon-and metal-terminated probes with the buckminster fullerene (C 60 ) cage by measuring the peak attractive force between the probe and C 60 molecule during site-specific force spectroscopy [8] experiments. Surprisingly, we find that many, otherwise reactive, silicon-terminated clusters have an interaction with the carbon cage that is comparable to the interaction measured with CO-or fullerene-terminated probes [9] [10] [11] and are similarly able to probe the repulsive part of the tip-sample interaction without changes in the tip or manipulation of the molecule. We address the experimental challenges in determining the tip termination by inverse imaging of the tip on well-defined features, and the use of combined scanning tunneling microscopy and noncontact atomic force microscopy (STM/NC-AFM) imaging. We interpret our experimental * adam.sweetman@nottingham.ac.uk
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results with support from ab initio density functional theory (DFT) calculations and compare our data to simulations investigating the interaction of metal and silicon clusters with carbon nanotubes [12, 13] and recent intramolecular imaging results on semiconductor substrates [2, 4] .
II. EXPERIMENTAL METHODS
Clean Si(111)-7 × 7 surfaces were prepared by flash annealing a silicon wafer to 1200
• C, rapid cooling to 900
• C, and then slow cooling to room temperature, ensuring pressures below 10 −10 mbar throughout. Clean Ag(111)-1 × 1 surfaces were prepared by standard argon sputter-anneal cycles with a beam energy of 1 keV and an anneal temperature of 500
• C. Low coverages of C 60 were prepared by depositing the molecules from a homemade tantalum pocket deposition source onto the substrate. During deposition the Si(111)-7 × 7 was at room temperature, whereas the Ag(111) was cooled to ∼ 100 K. On Ag(111) the molecules formed small, closepacked islands, whereas on Si(111)-7 × 7 isolated molecules were found due to the strong molecule-substrate interaction [14] . Postdeposition, the sample was transferred into the scan head of an Omicron Nanotechnology [15] LT NC-AFM operating in UHV at cryogenic temperatures, and left to cool to 77 or 5 K before imaging.
Commercial qPlus sensors (Omicron GmbH) with electrochemically etched tungsten wire tips were introduced into the scan head without any further preparation. The sensors were first prepared on clean Si(111)-7 × 7 surfaces by standard STM techniques until good STM/NC-AFM resolution was achieved. Detailed information on the termination of the tip apex is given for each dataset. Single f (z) measurements were performed both on and off the molecules and site-specific (short-range) F (z) curves were extracted using the "on-off" method [8, 16] and the Sader-Jarvis algorithm [17] .
III. SIMULATION METHODS
Simulated spectroscopy calculations were performed using the open source CP2K/Quickstep DFT code [18, 19] utilizing a hybrid Gaussian and plane-wave method [20] . The Goedecker, Teter, and Hutter pseudopotentials [21] and Perdew-Burke-Ernzerhof generalized gradient approximation method [22] were used with a 300-Ry plane-wave energy cutoff. Dispersion interactions were taken into account by employing the Grimme DFT-D3 method [23] . A double-zeta Gaussian basis set plus polarization (DZVP-MOLOPT) [24] was used using a force convergence criterion for geometry relaxation of 0.05 eV/Å .
IV. EXPERIMENTAL RESULTS
A key aspect of this study is ensuring a high degree of confidence in the termination of the scanning probe tip. It is well known that molecules adsorbed on both metallic and semiconducting surfaces are easily transferred to the tip during normal STM/AFM imaging. Therefore, in cases where the tip termination is crucial for data interpretation, it is inadequate to rely on crashing the tip into the regions of the pristine surface, as surface adsorbed molecules may still be inadvertently transferred to the tip during this procedure. Consequently, some independent means of checking the termination must be used.
In the first dataset [25] ( Fig. 1 ) a clean Si(111)-7 × 7 surface was prepared as described in the methods section. A prepare-retract-deposit-approach-check approach [26] was then used to identify a silicon-terminated apex. In detail, the surface was first approached with a fresh qPlus sensor and the tip indented heavily into the surface with multiple voltage pulses to ensure the tip was coated in silicon. Importantly, there were no C 60 molecules on the surface at this time to potentially contaminate the tip apex. We then characterized the NC-AFM imaging and force interaction on the silicon adatoms (i.e., using the Si(111)-7 × 7 adatoms as a "calibration" sample for the tip [10] ), and note that the imaging and force spectroscopy values observed are consistent with literature values [8, 27] for silicon-terminated tips on the Si(111)-7 × 7 adatoms. This also confirms that the tip was not terminated with, for example, common vacuum contaminants such as CO or OH.
The tip was withdrawn and the sample transferred to a separate preparation chamber, where a low coverage of C 60 was prepared as described above. The sample was then reintroduced into the scan head, and the tip carefully reapproached at low f setpoint. Once approached, the sample was scanned at gradually increasing f setpoint until molecular resolution was obtained. The tip was then recharacterized on the Si(111)-7 × 7 by imaging and force spectroscopy of the adatoms, before performing force spectroscopy on the adsorbed C 60 molecules. By comparing the imaging and tip-sample forces on the Si(111)-7 × 7 adatoms before, and after, the C 60 deposition, we can confirm that no identifiable change in the tip apex has occurred, and so therefore have a high degree of confidence that the tip is silicon terminated. We also note the slight noncircular appearance of the adatoms, which is suggestive of a tip with some degree of asymmetry (e.g., a dimerlike termination). Surprisingly, the largest attractive tip-sample force between the silicon tip and C 60 molecule is of the order 100-300 pN, comparable to measurements performed with CO or C 60 terminated tips [9, 28] and far below the peak attractive forces detected during previous force measurements of the C 60 -Si(111)-7 × 7 adatom interaction [10] , or between a C 60 molecule and Cu cluster [11] . Although this method gives the highest certainty of a silicon-terminated tip, it is prohibitively time consuming for normal scanning probe operation, as any slight change in the tip requires the entire procedure to be repeated. However, utilizing these results as a reference, we can interpret data arising from tips with similar properties (but prepared on the surface after C 60 deposition) as arising from silicon-terminated tips with a greater degree of confidence, provided the tips are characterized on the Si(111)-7 × 7 adatoms.
In Fig. 2 we show how a combination of the information extracted via STM and NC-AFM can be used to characterize the tip termination with a high degree of confidence, and demonstrate the reproducibility of the force measurements using silicon-terminated tips (prepared by normal tip conditioning on a surface with a low coverage of C 60 ). Here we first use the characteristic appearance of the C 60 orbitals in STM imaging to determine that the tip has a p-or s-wave-like character. We note that passivated tips (e.g., OH or CO terminated) could also produce similar STM imaging contrast [9, 29] , but that a C 60 -terminated tip would produce a more complex convoluted orbital pattern [30] . The tip apex was also characterized by NC-AFM imaging and force spectroscopy of the Si adatoms [ Fig. 2(a) ]. The imaging, and large peak attractive forces, show that the tip is not passivated by CO or OH, since this would result in inverted imaging of the adatoms, and/or peak tip-sample tip-adatom forces of the order of ∼100 pN [31] [32] [33] . The combination of STM and NC-AFM characterization consequently strongly suggests a silicon-terminated tip apex, particularly in light of the data presented in Fig. 1 . This procedure was repeated after we observed a slight change in the contrast [lower row Fig. 2(a) ], likely resulting from a slight rearrangement in the atomic structure of the tip apex, and revealed similar characteristics. Importantly, for both tip states we observed peak tip-molecule forces on the order of 100-250 pN, which is consistent with the forces for the silicon-terminated tip characterized in Fig. 1 .
In Fig. 3 we highlight the ability of a silicon-terminated tip to probe the tip-molecule interaction at close approach by presenting an additional dataset taken with a tip with the same NC-AFM characteristics as those in Figs. 1 and 2 ( i.e., strong interaction with silicon adatoms, no evidence of C 60 cage features during NC-AFM imaging of the adatoms, and a weak tip-molecule interaction), which we therefore also assign as being silicon terminated. By performing constant-height imaging at a range of tip-sample separations, it is possible to see that the evolution in the constant-height slices, and also the contrast in the f min image (showing the variation in the minimum in f at each lateral position over the molecule [34] ), is similar to that observed in intramolecular imaging experiments with molecular terminated tips [1, 34] , confirming that the tip is able to probe the repulsive branch of the force curve over the entire region of the molecule.
We briefly mention that the contrast in the constant-height slices presented in Fig. 3 does not show clear bondlike resolution at close approach such that the orientation of the molecule can be determined. This must be reconciled with other results showing that silicon-terminated probes can resolve the structure of planar organic molecules [2, 4] . Most likely the contrast at close approach is the result of multiatom interactions between the tip apex and the C 60 molecule. Similar contrast has been observed during constant-height imaging of C 60 molecules with C 60 terminated tips [34] , where the well-characterized nature of the tip apex means that the contrast can be conclusively assigned as resulting from multiatom interactions between the two molecules. We hypothesize that the tip used in Fig. 3 has a structure such that the back-bonding silicon atoms of the tip are able to interact with the C 60 molecule during close approach in a similar fashion, which may explain the qualitatively similar contrast. We also note that the high curvature of the C 60 molecule and the large number of possible orientations on the Si(111) surface present a particularly challenging case for obtaining intramolecular contrast.
In order to interpret our data we performed simulated force spectroscopy, modeling (a) the interaction between a C 60 molecule and prototypical silicon clusters and (b) the interaction between different silicon clusters, using the Quickstep/CP2K code. We used a T4 cluster to approximate the Si(111)-7 × 7 adatom [35] , and a dimerized tip cluster to approximate a typical silicon-terminated probe tip [36] . To obtain simulated F (z) curves, the silicon cluster was initially positioned at a vertical distance of 0.8 nm above a hexagon atom of the C 60 molecule (see inset of Fig. 4 for schematic representations of the tip-molecule geometries), and the cluster was then moved towards the molecule in quasistatic steps to just beyond the force turning point. At each step the geometry of the system was optimized until the forces on the nonfixed molecule and cluster atoms were no larger than 0.05 eV/A. The vertical force between cluster and molecule was then calculated by numerical differentiation of the energy.
The results of these simulations are shown in Fig. 4 , and serve to highlight the differences in the interaction between different types of silicon cluster and the C 60 molecule. The results of the simulations with the T4 cluster and the C 60 molecule reproduce the situation where a scanning probe tip is functionalized with a C 60 molecule [10, 34] and sitespecific force spectroscopy is performed over the adatoms of the Si(111)-7 × 7 surface. In this situation large tip-sample forces (on the order of 1.5 nN) are measured experimentally, suggestive of a strong chemical interaction between the C 60 molecule and silicon atom. This finding is also in line with the known chemisoption of fullerenes on silicon surfaces [14] .
However, we find experimentally that for most siliconterminated probe tips we do not observe these strong interactions, and we are able to reproducibly approach close to the molecule and probe the repulsive branch of the tip-sample force curve. This is in line with the evolution observed with the dimer tip and C 60 molecule simulations, where we observe peak attractive tip-sample forces on the order of 150 pN. While experimentally the exact configuration of the silicon cluster at our tip apex is unknown, this strongly suggests that silicon tips of this "class" exhibit the behavior we observe experimentally.
We also simulate the F (z) characterization of our siliconterminated tips on the Si(111)-7 × 7 adatoms by modeling the interaction of the dimerized tip cluster, and a reactive H3 cluster, with the T4 cluster representing the Si(111)-7 × 7 adatom [ Fig. 4(b) ]. We find that the interaction of the dimerized tip with the T4 adatom cluster is only slightly quantitatively different to the interaction of the more reactive H3 tip cluster, with both tips interacting strongly with the T4 cluster. This highlights how a simple qualitative characterization on the T4 adatom is insufficient to definitively identify which silicon clusters will react with the fullerene cage, as experimentally we observe a wide range of tip-silicon forces (approximately 1.8-2.8 nN) for tips that do not interact strongly with the C 60 molecule.
Measurements on Ag(111)
Most intramolecular NC-AFM imaging has thus far been performed on metallic substrates, using functionalised metal tips, whereas imaging intramolecular features and direct measurement of intermolecular forces on semiconductor substrates is a relatively new field of research [2] [3] [4] . Consequently, tip-molecule interactions are less well understood on semiconducting surfaces, as a result of the semiconducting tips that often result from tip preparation on these surfaces. Therefore, in order to check the consistency of our observations, we repeated our measurements for C 60 adsorbed on the metallic Ag(111) substrate. Here, in the absence of the well-separated Si(111)-7 × 7 adatoms and cornerholes as a ready inverse imaging tool, we used a combination of STM and NC-AFM imaging, in conjunction with site-specific force measurements, to identify the tip termination. We note that when performing simultaneous tunnel current measurements we ensure low biases and currents to avoid issues with electronic crosstalk [37] .
In Fig. 5 we present imaging and force spectroscopy performed on C 60 islands on Ag(111). Prior to these datasets the tip was heavily indented into the Ag surface, and therefore it is highly likely the tip was (bulk) Ag terminated. , which is in agreement with previous metal probe-fullerene force measurements [11] . In addition to the large tip-molecule interaction, the interpretation of the tips as metal-terminated is supported by their ability to pick up the C 60 molecules from the island after close approach [Figs. 5(c), 5(d), 5(g), and 5(h)]. After the removal of the molecules the characteristics of the tip change, with peak tip-sample forces of order 300 pN [ Fig. 5(m) ], in line with previous measurements of the C 60 -C 60 interaction [10, 11, 34] -strongly suggesting that the tip has become C 60 terminated.
We also observed cases where the tip appears to have been spontaneously functionalized with a small passivating group such as CO [9] [Figs. 5(i)-5(l)]. We make this assignment based on the clear "bondlike" imaging in the constant height f images, the current contrast which bears a striking resemblance to the current images collected with CO tips and during STHM imaging [38] [39] [40] , and the small peak tip-sample force (∼100 pN) which is in line with previous measurements for CO tips on C 60 and other organic molecules adsorbed on Cu(111) [9, 28] . In passing we note that these data suggest that some results previously assigned to metal-terminated tips [41] , which demonstrated an abnormally small tip-sample attractive interaction, may in fact have resulted from molecularly terminated tips. Our results on the Ag(111) surface are in line with previous metal-molecule measurements, and consequently suggest that our silicon-molecule force measurements are correct, and do not result from an error in calibration or misassignment of the tip termination.
V. DISCUSSION
The most surprising outcome of these experiments is that many Si cluster-fullerene interactions are almost identical in magnitude to the fullerene-fullerene and CO-C 60 interaction, despite the silicon material having a nominally higher reactivity. In particular, it is counterintuitive that the silicon cluster-molecule interaction is significantly weaker than the metal cluster-molecule interaction, considering the considerably higher reactivity of silicon surfaces compared to noble metal surfaces. However, it is important to note that one cannot consider the reactivity of any tip (or indeed any substance) in isolation. As is well established in many fields of chemistry, while some substances are generally to be considered more reactive than others, it is always necessary to consider both reactants and, in particular, the precise local atomic structure of the materials, before any statement can be made as to whether a reaction will occur in a given case. Hence, as our simulations, and prior theoretical work investigating atomic scale contrast formation in scanning probe investigations of graphite and carbon nanotubes [12] , suggest, although the pristine Si(111)-7 × 7 surface is highly reactive, disordered silicon structures that form at the apex of a scanning probe can be considerably less so. It appears that only the most reactive, highly oriented silicon clusters are capable of rehybridizing the C-C bond, whereas (perhaps more realistic) dimerlike tips do not react strongly with closed carbon structures. Further combined experimental and theoretical support for our interpretation can be found in recent work showing intramolecular resolution on silicon surfaces [2, 4] , where similar DFT calculations suggested that dimerlike tips should also react relatively weakly with small organic molecules (such as naphthalenetetracarboxylic diimide (NTCDI) and perylenetetracarboxylic dianhydride (PTCDA)) adsorbed on the Si(111)-7 × 7 surface.
VI. CONCLUSIONS
In conclusion, we have shown experimentally that, counterintuitively, many silicon-terminated tips interact exceptionally weakly with the C 60 molecule, and can enter into the repulsive regime to allow intramolecular imaging. The silicon termination was confirmed by careful experimental design and inverse imaging on silicon adatoms. The interaction is quantitatively similar to the interaction reported for molecule-terminated tips, but radically different for the interaction between the same molecules and highly oriented silicon clusters. These results highlight the important differences between the properties of the "ideal" surfaces of bulk crystals, and those of small disordered clusters of the same material. Our results are cross-checked with measurements on a noble metal surface that are in line with previous results in the literature, and show surprisingly that noble metal tips react more strongly with small organic molecules than silicon tips. These results have important implications for intramolecular imaging, and also the understanding of reactions involving nanoclusters and disordered nanostructured materials, such as those now commonly used in catalysis.
